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FOREhrORD 
The  research described herein, conducted a t  the National 
Bureau o f  Standards, Washington, D.  C . ,  i s  performed under 
NASA Contract C-19068-B, dated January 31, 1968, as NBS 
Project  4253439. 
Manager, I .  Warshawsky, Chief o f  Instrument Research 
Branch, NASA Lewis Research Center and Technical Advisor ,  
G. E. Glawe. 
The work i s  controlled by NASA Project  
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ABSTRACT 
This report  describes the work performed t o  date on the 
Noble Metal Thermocouple Research program. The study i nvol ved 
the e f f ec t s  of combustion gases on three charac te r i s t ics  of 
noble metal thermocouples. 
The areas reported here are:  1. An investigation t o  
determine the e f f e c t  of ca ta lys i s  on platinum disclosed 
s ign i f i can t  e f f ec t s  over the temperature range o f  1000 t o  
1500 C a t  very low ve loc i t ies .  
extend these studies t o  higher flow ra tes .  2. Development, 
design, construction, and t e s t  of a f a c i l i t y  for thermoelectric 
s tabi 1 i t y  s t u d i  es of the thermocoupl e combi nation 60% i ri d i  um 
40% rhodium versus i r id ium a t  temperatures u p  t o  2000 C i n  
oxidizing media. 3.  Development, design and i n i t i a t i o n  of 
construction of a f a c i l i t y  f o r  generating controlled temper- 
ature  gradients so t h a t  t h e i r  e f f ec t s  on thermocouple ca l i -  
A f a c i l i t y  was designed t o  
bration may be determined. - -  
1 -  *,  
.. . .: ! , 
SUMMARY 
The research program sponsored by NASA involves three pa r t i cu la r  
charac te r i s t ics  of temperature sensors,  par t icu lar ly  noble metal thermo- 
coup1 es i n  combus t i  on gas envi ronrnents . Prel imi nary experimental s tudies  
have been made on Character is t ic  I .  This is  a sttidy of the e f f ec t s  of 
ca ta lys i s  on tke temperature indication of noble metal thermoelements 
par t i  cul a r ly  platinum. Investigations were conducted over the tempera- 
tu re  range 1000 t o  1500 C and a t  very low ve loc i t i e s ,  2 x low3 t o  approx- 
imately 9 x meters per second. In these s tud ies ,  the influence on 
ca ta lys i s  e r r o r  of such parameters as temperature and flow r a t e  were 
evaluated f o r  the following mixtures of  gases: 
( a )  a i r  +2% hydrogen 
(b) a i r  +2% carbon monoxide 
The r e su l t s  of these preliminary invest igat ions a t  very low flow 
indicates t h a t  c a t a l y t i c  e f f ec t s  can a f f e c t  s ign i f i can t ly  the ra tes  
accuracy of noble metal thermocouple measurements up t o  1500 C .  
Since the flow r a t e  o f  the combustible medium i s  one of the impor- 
t a n t  parameters, a new f a c i l i t y  i s  being planned t o  provide higher 
ve loc i t ies  over the thermoelements. 
Characteris t i  c I I i s  concerned w i  t h  the thermoel e c t r i  c s tabi 1 i ty o f  
sa h i g h  temperature thermocouple system, namely 60% i r i d i u m  40% rhodium 
versus i r i d i u m ,  f o r  measuring temperatures up t o  2000 C i n  flowing gas 
oxidizing media such as a i r .  
s t ruc ted  sui t ab le  t o  invest igate  this and other  performance character is-  
A new f a c i l i t y  has been designed and con- 
t i c s .  The principal u n i t  of the f a c i l i t y  i s  a furnace capable of ..* 
subject ing sample wires t o  an accurately known uniform temperature zone 
i n  control 1 ed atmospheres, including oxi d-i zing mixtures 
up t o  2000 C ,  and testing the samples without removing the operative 
portions from the uniform hot zone. 
a t  temperatures 
Charac te r i s t ic  I11 i s  an invest igat ion of the e f f ec t s  o f  temperature 
gradi ents  on the accuracy and s tabi 1 i ty  of thermocouple measurements. 
After exploratory experiments were conducted, a Nd: YAG 1 aser  was chosen 
as the heat source t o  r a i se  the thermocouple junction t o  a temperature 
of 2000 C .  
both small and s teep  gradients along the lead wires of  the thermocouple. 
T h i s  concentration of heat  a t  the junction would allow fo r  
.... . ........ . . . . .  .... - - .._ .- -~ I . . . . . .  . . . .  ....... .... 
_ .  8 -~ I - . ,  . , ,  , .. ,_ . . . . . .  . -- I . . . .  
. .  
1. INTRODUCTION 
The measurement o f  temperature can involve studies whose base can be 
as broad as the many fields i n  which temperature transducers are used. 
In most applications involving measurement and control o f  prime movers, 
temperature i s  o f  fundamental importarxe as a guide t o  successful opera- 
t i o n  of the equipment. A t  present,  the thermocouple i s  one o f  the  most 
important sensors f o r  temperature measurement. The vast  majority of 
thermocouples now i n  use as h i g h  temperature sensors i n  the temperature 
range o f  1100 t o  2000 C are  made from noble metals,  such as platinum, 
rhodi um, i ri d’i um and thei r various a1 1 oys , These metals provide thermo- 
couples whose charac te r i s t ics  include h i g h  me1 t i n g  p o i n t ,  s t a b l e  tempera- 
ture-emf re la t ions  i n  oxidizing atmospheres and low emissivity t o  reduce 
radiat ion e f f ec t s .  Because of  these fea tures ,  noble metal therrnocouples 
a re  used i n  aerospace-power research. 
A research program on noble metal thermocouple performance, sponsored 
by the National Aeronautics and Space Administration, Lewis Research 
Center, Cleveland, O h i o  under NASA Contract C-19068-B dated January 31, 
1968, NBS Project  4253439 involves three areas i n  which temperature 
sensors,  par t i  cul a r ly  noble metal thermocouples , are affected i n gaseous 
mixtures which  contain combustibles. - 1  
Character is t ic  I is  a study of the e f f ec t s  of ca ta lys i s  on the 
P 
temperature indicat ion of noble metal therrnoel ements , par t icu lar ly  
pl a t i  nulil 13% rhodi um and p l  a t i  num w i  res. 
Fiock ( r e f .  1 )  , Stanforth ( r e f .  2 )  , Olsen (ref. 3) and Alverman and 
Earl i e r  invest igators  Dah1 and 
Stottman ( r e f .  4)  observed t h a t  i n  a i r  breathing systems, working w i t h  
hydrocarbons as f u e l ,  gas mixtures are  present whose reactions can be 
- _ _  __ -_ I -. ._ 
_ _  - 9 -  ._ 
i n i t i a t e d  o r  accelerated under the influence o f  ca ta lys t s .  T h u s ,  i n  
measuring the temperature of gases by means of noble metal thermocouples 
there i s  danger t h a t ,  because o f  c a t a l y t i c  e f f e c t s ,  cer ta in  reactions are  
i n i t i a t e d  o r  accelerated i n  which thermal energy i s  l ibera ted .  This will 
r e s u l t  i n  an increase i n  the  temperature of the thermocouple, so t h a t  the 
indicated temperature is higher than the temperature o f  the medium. 
The i nves t i g a t i  ons conducted a t  the National Bureau o f  Standards 
and elsewhere by the e a r l i e r  experimenters indicated t h a t  ca ta lys i s  by 
therniocoupl e wires si  g n i  f i  cantly affected the accuracy of temperature 
measurement below 650 C y  and t o  a l e s s e r  degree u p  t o  1000 C .  The 
s ignif icance of  ca ta lys i s  on the higher temperatiire ranges was n o t  c lear .  
Investigation of c a t a l y t i c  e f f ec t s  above 650 C was complicated by the 
f a c t  t h a t  650 C i s  close t o  the autoignition p o i n t  of the fuel or gas 
mixture used. Consequently, i t  was d i f f i c u l t  t o  separate the temperature 
r i s e  resulting from normal combustion from tLe temperature increase 
caused by c a t a l y t i c  a c t i v i t y  . However, the prel imi nary resul t s  o f  the 
Charac te r i s t ic  I invest igat ions conducted a t  NBS under  this contract ,  
give evidence t h a t  w i t h  improved instrumentation, c a t a l y t i c  effects can 
be evaluated over the planned temperature range of 1000 t o  1500 C w i t h  
the  chosen gaseous combustible mixtures. 
- 1  
Charac ter i s t ic  I1 is  concerned w i t h  the determination o f  the thermo- 
- 
e l e c t r i c  s t a b i l i t y  o f  a thermocouple system considered f o r  measuring 
temperatures up t o  2000 C i n  a flowing oxidizing medium such as a i r .  A t  
the present time only i r id ium and al loys of i r i d ium appear su i t ab le  fo r  
use a t  these temperatiires and conditions.  Much work has been done t o  
provide comprehensive reference tables  for thermocouples o f  i r id ium-  
- - - - - - _ _  . ~ . -  - - .  . ~ _ _  
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rhodium alloys versus iridium. The work done by Blackburn and Caldwell 
( r e f .  5) covered the alloys from the standpoint of most usefulness such 
as 40, 50 and 60 percent rhodium. 
which a de f in i t e  preference could be based o r  indicate '  the  thermoelectric 
s t a b i l i t y  of the various combinations. 
The study d i d  n o t  y i e ld  results on 
Very l i t t l e  information is available on the thermoelectric s t a b i l i t y  
of i ri di urn and a1 loys of i ri d i  um-rhodi um i n  oxi d i  zing atmospheres. 
and Maksimova ( r e f .  6) studied the thermoel e c t r i  c s tab i  1 i t y  of i ri d i  um 
wire i n  vacuum and argon a t  1800-2000 C. 
observed changes of thermal emf o f  the iridium 60% rhodium versus i r i d i u m  
Lapp 
R u d n i t s k i i  and Tyurin ( r e f .  7 )  
system a f t e r  10 hours  a t  1800 C .  The t o t a l  change d i d  n o t  exceed 0.8% 
of the measured temperature. 
Walker, Ewi ng , and Mi 11 e r  ( r e f .  8) studi ed i ri d i  urn therrnoel ements 
i n  a i r  a t  1380 C and checked periodically a t  860 C against  a reference 
element of l i k e  material and observed changes of 36 pY a f t e r  120 hours,  
Phis  change i s  equivalent t o  about 6 C f o r  an iridium-50% rhodium versus 
i r id ium thermocouple. 
great .  
t h a t  iridium-60% rhodium versus iridium thermocouples allow s u f f i c i e n t  
The change i n  the al loy leg was about 3 times as 
Aleksaklin, Lepin, Lapp and Bragin ( r e f .  9)  observed a t  2000 C 
accuracy t o  measure the temperature fo r  a period of  10 t o  20 hours.  
^.  
Much work has been done w i t h  an al loy of 60 percent rhodium. 
*(ref .  10) proposed t o  replace this al1oy"with e i t h e r  40 or 50 percent 
rhodium: 
Carter 
._ 
Carter assumed t h a t  a t  h i g h  temperatiire the i r i d i u m  wil l  
vol a t i  1 i ze from the i ri d i  um-rhodi um a1 1 oy preferent i  a1 ly  and the a1 1 oy 
w i  11 change i n  composition, becoming enriched w i t h  rhodium. Since the 
....... . ............. . . . . . . .  - _ ................. .......... ....... 
- - . . . . .  . . . . . .  - -  - .  , . . . . . .  . . . . . .  . .  . ~. 
. . . . .  . .~ 
emf output i s  a maximum f o r  the 50% rhodium a l loy ,  the thermal output 
of the o r i g i n a l  40% rhodium al loy wil l  then increase s l i g h t l y  t o  a 
composition of 50% rhodium then decrease s l i g h t l y  t o  a composition of 
60% rhodium. 
same output,  the thermoelectric response w i  11 remain sa t i s f ac to ry  for 
a longer time. 
Thus, as a l l  these major compositions provide almost the 
I t  i s  the 60% iridium 40% rhodium versus iridium thermocouple 
combination tha t  the second phase of t h i s  study i s  concerned w i t h .  
I t s  thermoelectric s t a b i  1 i t y  i s  being invest igated a t  ter;.:peratures 
up t o  2000 C i n  oxidizing media. 
The th7’rd cha rac t e r i s t i c  of this program i s  devejopment of a 
method t o  determine the e f f ec t s  of  temperature gradients typical of  
those t h a t  a re  encountered i n  pract ical  applications of  i n t e r e s t .  
Thermocouples wil l  be exposed t o  these gradients in gaseous environments 
o f  i n t e r e s t  a t  temperatures up t o  2000 C and the e f f ec t s  on performance 
wi l l  be analyzed and evaluated. 
2. APPARATUS AND TEST PROCEDURE 
I .  The invest igat ion t o  determine c a t a l y t i c  e f f ec t s  on noble 
metals received f i r s t  p r io r i ty .  
about one-thousandth of those t h a t  a re  encountered i n  a i r c r a f t  propul- 
s ion  research. The e f f e c t  o f  ca ta lys i s  on the temperature indicat ion t o  
be expected of thermocouple-wire pairs  was i n i t i a l l y  evaluated by u s i n g  
s ing le  wires of the posi t ive and negative elements t h a t  a re  res is tance 
heated t o  achieve exposure temperature. 
However, the ve loc i t ies  used were only 
0 
-. 
t 
The thermoelements specif ied 
. .  ... . . . . .  . . . . . . . . . . .  .- . . .  ... ...... .................. 
. . . .  . .  
.. -.-.I 2 .~ . .  . . -  
. I  
. -  - 
. . .  . . .  - .  _ ,  , / . _ _ -  ,~ 
f o r  this  study were 87% p l  a t i  num-13% rhodi  um and pl atinum. 
o f  these thermoelements was accomplished and the wires were t e s t ed  t o  
assure t h a t  they are  of thermocouple grade reproducible i n  composition 
and thermoelectric force. 
p u t  when made in to  thermocouples conforms t o  the tab le  values g i v e n  i n  
NBS Circular 561, Reference Tables fo r  Thermocouples, t o  w i t h i n  k. 0.25 
percent of the values tabulated. The thermoelements are  smooth and of 
uniform cross-section. 
Procurement 
The wires are  homogeneous and the thermal out- 
Preliminary s tudies  were made with platinum wire t e s t  samples 
located i n  the  low-velocity ca ta lys i s  chamber. Figure 1 shows the t e s t  
f a c i l i t y  as i t  is  used and Figure 2 i s  a general schematic diagram w i t h  
the tes t  element i n  p o s i t i o n ,  
i n t o  operati  on, exploratory measurements were made on a 0 .8  mm p l  a t i  num 
wire of NBS storeroom grade and on a gold wire which was expected t o  be 
f r ee  of c a t a l y t i c  e f f ec t s .  
instrumentation was debugged, preliminary measurements on the newly 
acquired thermocouple grade wire was begun. 
In the course of p u t t i n g  the t e s t  f a c i l i t y  
After the operation of t e s t  f a c i l i t y  and 
The t e s t  element was formed in to  a hair-pin configuration as shown 
i n  Figure 3.  
Platinum wires o f  0.3 mm diameter serving as voltage leads were welded 
The wire was 200 mm i n  length and 0.8 mm diameter. 
t o  the t e s t  element. The sample was e l e c t r i c a l l y  heated t o  various 
temperatures between 900 and 1500 C by 'use of a current-regulated dc 
power shpply. Three parameters were measured a f t e r  the temperature of 
the t e s t  element had reached temperature s t a b i l i t y ,  i . e . ,  a change of  
less than 1 .O°C/10 minutes. 
- -  - ". .-... ~ - - _ _  - .  . . . 
, . f " .  
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The parameters are  as follows: 
1. 
2.  
The dc current f lowing  th rough  the sample. 
The voltage drop (IR) across the 150 mm t e s t  length of the 
sample. 
The brightness temperature o f  the  t es t  element as determined 
w i t h  a cal i brated o p t i  cal pyrometer. 
3. 
The above parameters were f i r s t  measured a t  each temperature w i t h  
a i r  only flowing through the tes t  chamber. 
a i r  p l u s  a known amount o f  a combustible gas. 
f i rs t  a i r  p l u s  2% hydrogen (2% HZ-air) and l a t e r  a i r  plus 2% carbon 
monoxi de (2% CO-ai r )  . 
Then w i t h  the mixture of 
The mixtures used were 
Measurements were made on a 0.8 mm diameter platinum tes t  sample 
w i t h  a i r  and then a combustible mixture o f  2% H2-air a t  ve loc i t ies  
of 2.2 x 10-3, 4.4 x 10-3, 6,6 x and 8.8 x meters per second. 
Additional data were obtained w i t h  a second 0.8 mm diameter platinurn 
wire sample and a 0.5 mm diameter platinum wire i n  the ca ta lys i s  chamber. 
The former of the  two samples was exposed f i r s t  t o  an a i r  environment 
and then t o  2% CO-air flowing a t  2 .2  x 
8.8 x lom3 meters per second. 
environmental conditions except a t  a velocity of 2.2 x 10-3 meters per 
second. 
4.4 x 10-3, 6.6 x and 
The l a t t e r  sample was exposed t o  the  same 
11. The major portion o f  the work .on Character is t ic  I1 consisted 
o f  development, design and procurement o f  a tes t  f a c i l i t y  and procurement 
of the necessary thermocouple materi a1 s .  The furnace faci 1 i t y  was de- 
signed t o  maintain an oxidizing atmosphere a t  2000 C fo r  extended periods 
w i t h  four zirconium oxide t e s t  c e l l s  located inside a tantalum heating 
14 
. ~.. - __ 
- 
_ _ _  
element, 
and 2000 C ,  a hot zone uniform i n  temperature t o  within Itr. 1% is  maintained 
inside the heating element over approximately 460 mm o f  i t s  length. 
T h i s  approach allows a s u f f i c i e n t  length o f  thermocouple wire t o  be 
Dur ing  operation of  the furnace a t  temperatures between 1500 
i n  a zone o f  constant temperature. 
segments of the thermocouple--the segment remaining i n  the constant 
temperature zone, the  sect ion located i n  a region of gradients ,  and the 
portion now a t  room temperature--will have been aged a t  the t e s t  temper- 
When periodic checks a re  made, a l l  
ature f o r  the t e s t  period. In this way the segment of thermocouple tha t  
had been exposed t o  the temperature gradient wi l l  not contribute t o  the 
thermoelectric output,  so t h a t  i t  i s  assured tha t  observed changes i n  
thermal o u t p u t  a re  due t o  aging a t  the t e s t  temperature. 
The furnace is  provided w i t h  a tantalum tube temperature well w i t h -  
i n  which a cal ibrated thermocouple is  located so t h a t  a good indicat ion 
of the  t rue  temperature o f  the  fou r  zirconium tube tes t  c e l l s  can be 
obtained. Also attached normal t o  the well is  a small tantalum tube 
serving as a blackbody or t a rge t  so tha t  opt ical  measurements of  temper- 
a ture  can be made simul taneously. 
111. Charac te r i s t ic  I11 is an invest igat ion of the  e f f ec t s  of 
temperature gradient on the accuracy and s t a b i l i t y  of thermocouple 
measurements a t  temperatures up t o  2000 C .  
.the same as f o r  Character is t ic  11. 
The materials involved are  
The .work performed has consisted of 
- - -  experiment and study t o  develop a means o f  heating the thermocouple 
wires, and forming the required gradients without affect ing the flow of  
gas over the thermocouple. A l a s e r  was the ultimate choice t o  provide 
the necessary temperature and gradient.  Experiments were performed w i t h  
- - -- . - - - _. - _ _  . -  
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argon i o n ,  C02, and Nd:YAG lasers .  
i n t ens i ty  t o  r a i s e  the temperature t o  the specif ied 2000 C. 
Only the Nd:YAG provided s u f f i c i e n t  
The exploratory 1 aser  experiments provided an unexpected benef i t  i n  
f a c i l i t a t i n g  fabricat ion of  thermocouples. I n i t i a l  d i f f i c u l t i e s  i n  
shaping and we1 d i n g  i r i d i  um and i ri d i  um-rhodi um a1 1 oy w i  res were over- 
come i n  this way. Photograph 4’shows the par ts  of a thermocouple made 
of 0.8 mm wire of these materials and Photograph 5 shows them assembled. 
Achievement of the s t r a i g h t  b u t t  weld no la rger  than the diameter of the 
wire requires exceptional ski l l  and patience when done by torch welding. 
The l a s e r  was found t o  provide much be t t e r  control i n  welding and 
shaping these d i f f i c u l t  mater ia ls .  
3. DISCUSS I O N  OF RESULTS 
The r e su l t s  o f  the experiments on ca ta lys i s  by noble metal thermo- 
couple materials a t  very low gas veloci t ies  a re  from preliminary measure- 
ments. The work i n  i t s  i n i t i a l  phase consisted of  studying ca ta lys i s  by 
thermocouple wires of the same composition, namely pure platinum, as i t  
is affected by such parameters as :  
1. Gas composition having stoichiometric fuel-oxygen compositions. 
2. F1 ow r a t e  and temperature, separately o r  synergis t ical  ly .  
3. Wire properties such as s i z e  (diameter). 
The preliminary measurements show a temperature increase which 
appears t o  be due t o  ca ta lys i s  over the e n t i r e  temperature range o f  
1000 t o  1500 C ,  f o r  the gas mixtures studied. 
showing a comparison of the c a t a l y t i c  e r r w  observed i n  two platinum 
Figure 6 is  a p lo t  
t e s t  samples w i t h  one exposed t o  a 2% H2-air mixture and the other  t o  a 
. . . . . . . .  . . . .  . . . . . . . . .  .- - . . . . . . .  . . . . . . . . . . . .  .- . . . . . . . . . . . . .  
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2% CO-air mixture. 
on the platinum element was observed t o  be grea te r  a t  1000 C than tha t  
obtained from the mixture of 2% CO-air, I t  appears t o  decrease as the 
temperature increases t o  1500 C y  so  t h a t  e f f ec t s  appear t o  be nearly 
a l ike  a t  the higher temperature. 
l oe3  meters per second, a t  a pressure level of approximately 1 atmosphere. 
The e r ro r  resul t ing from ca ta lys i s  o f  the 2% HZ-air 
The velocity i n  bi;th cases was 6.6 x 
Figure 7 shows the e f f e c t  o f  flow r a t e  on ca ta lys i s  e r ror .  The 
temperature r i s e  caused by ca ta lys i s  appears t o  be nearly proportional 
t o  flow r a t e  i n  the  range .002 t o  .01 meter per second. The grea te r  
flow of combustible gases over the resis tance element produces more 
combustion, t ransferr ing more heat t o  the wire while thermal loss  by 
radiat ion i s  increased only s l i g h t l y  by the higher temperature of the 
wire. 
order of what m i g h t  be expected from a heat balance between r a t e  of 
combustion and the r a t e  of convective heat t ransfer .  I t  should be 
understood t h a t  extrapol ation of  these conclusions t o  higher ve loc i t ies  
i s  not warranted by these experiments. On the contrary,  one would 
expect the heating e f f e c t  t o  f a l l  o f f  when the time t h a t  a gas molecule ' 
The magnitude of the e f f e c t  a t  the lowest temperature i n  on the 
i s  i n  contact 
reac t i  on-rate 
i 
obtained w i t h  
.* . 
w i t h  the wire surface becomes shor t  compared t o  the 
time constant of the  combustion reaction. Measurements 
increasing wire temperature agree w i t h  measurements ob- 
tained w i t h  decreasing wire temperature h t h i n  2 1.0 C.  
Figbre 8 shows the  c a t a l y t i c  temperature r i s e  becomes grea te r  w i t h  
a decrease i n  wire diameters. Since. the surface t o  mass r a t i o  for a 
given length increases with decreasing diameter, the r e su l t s  are  as 
expected. 
_. . . ._ .  . ........ . . . . . . . .  . . . . . . . . . . . . .  -. . . . . .  I. 
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4. CONCLUSIONS 
The preliminary r e su l t s  indicate  temperature sensing instruments 
made from platinum materials are  subject  t o  e r rors  from ca ta lys i s  i n  the 
temperature range of 1000 
tures  of the two gaseous mixtures studied i n  these experiments a t  very 
low gas velocit ies.  The plots  show the magnitude of  the e r r o r  t o  be 
dependent upon the type of combustible i n  the a i r  mixture, flow r a t e  of  
the medium and the wire s i ze .  
parameters and other  influencing factors  on the magnitude o f  the 
t o  1500 C ,  when used t o  measure the tempera- 
Additional expanded s tudies  of these 
c a t a l y t i c  temperature r i s e  w i  11 fol  low these preliminary experiments. 
.. 
- -  - . . .  - -. . . . .  . . . . . .  . . . . 
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FIGURE 4. - COMPONENT PARTS OF WATER-COOLED THERMOCOUPLE 
24 
FIGURE 5. - ASSEMBLED WATER-COOLED THERMOCOUPLE 
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